INTRODUCTION 44
Honey bee (Apis mellifera), the primary managed insect pollinator, suffers considerable 45 losses caused by pathogens 1,2 , including Deformed wing virus (DWV) 3 , which endanger 46 pollination service worldwide 4,5 . Three "master" variants of DWV were discovered including 47 DWV-A 3 , DWV-B (also known as Varroa destructor virus-1 6 ), and DWV-C 7 . In addition, 48 recombinants between DWV-A and DWV-B were reported as major DWV variants in some 49 localities in the UK, Israel and France 8-10 . Negative impacts of DWV infection usually manifests 50 when the virus is vectored by the ectoparasitic mite Varroa destructor [11] [12] [13] . Importantly, both 51 DWV-A and DWV-B variants are vectored by the mite. The Varroa mite, originally a parasite of 52 the Asian honey bee Apis cerana, spread to the Western honey bee A. mellifera in the beginning 53 of the 20th century, reaching Western Europe and subsequently North America about 30 years 54 ago 14 . DWV was present in honey bees prior to Varroa arrival, although at low levels 15 . The mite, 55 which provides an efficient horizontal transmission route for DWV, transformed this covert virus 56 into a highly virulent virus. DWV levels in Varroa-infested bees are 100 to 1000-fold higher 57 compared to Varroa-free bees 16, 17 . Such increases of DWV virulence were accompanied by 58 genetic changes in the virus, as reported in Hawaii 15 and Scotland 16 , then further confirmed by an 59 analysis of DWV evolution worldwide 117 . 60
Unraveling the mechanisms that drive genetic changes in DWV requires a comprehensive 61 understanding of the interactions between each component within the tripartite system "Honey 62 bee-DWV-Varroa mite". Importantly, there is no agreement on whether replication of all DWV 5 in the honey bee colony environment, which allowed for feeding of individual mites only on 86 certain pupae for a chosen period of time. By using artificial infection of the honey bee pupae 87 with DWV-A, we could specifically monitor acquisition of the virus by the mites and transmission 88 to new pupae. Moreover, we were able to trace the DWV transmission route by using a cloned 89 DWV isolate. We found no evidence supporting DWV-A replication in the Varroa mites, 90 demonstrating that virus loads in the mite are highly dynamic, and that the mites' ability to 91 transmit DWV significantly declines following loss of their DWV loads after feeding on the honey 92 bees with low DWV levels. 93
94
Results 95
Significant increases and decreases in DWV loads in Varroa mites following feeding on pupae 96 with different DWV levels. 97
Two experiments were carried out to investigate the effect of pupal DWV levels on mite 98 DWV loads (Figs. 1 and 2). For both experiments, phoretic mites were collected from adult honey 99 bees in colonies with DWV levels typical for US honey bee colonies. A control sample of phoretic 100 mites (V-Pho1) was immediately collected for molecular analysis. Two or three mites were placed 101 on individual honey bee pupae which had been injected 3 days earlier with either DWV or a 102 control PBS solution. The virus used was a clone-derived DWV-304(GenBank Accession Number 103 MG831200) (E. Ryabov, personal communication), which was a strain of DWV type A 7 isolated 104 from a typical Varroa-infested honey bee colony. The mites and pupae were incubated in 6 individual gelatin capsules as described earlier 24 (Fig. 1B) . After 2 days, all injected pupae (P0-106 PBS1, P0-DWV1, P0-PBS2 and P0-DWV2) and one Varroa mite from each pupa (V0-PBS1, V0-PBS2, 107 V0-DWV1 and V0-DWV2) were collected. The remaining one or two mites from each injected 108 pupa were transferred to fresh pupae for an additional 2 days of feeding. These two-day 109 passages were repeated four times, after which Varroa mites (V4-PBS1, V4-PBS2, V4-DWV1 and 110 V4-DWV2) and pupae (P4-PBS1 and P4-PBS1) were collected for molecular analysis. The mites' 111 survival rates in Experiments 1 and 2 were 95.7% and 83.3%, respectively; with no significant 112 difference observed between the mites initially exposed to pupae injected with DWV or PBS 113 (Experiment 1, p = 0.32; Experiment 2, p = 0.93; Wilcoxon test). High Varroa survival in these 114 experiments demonstrates that mites were robust under in vitro conditions, allowing for reliable 115 virus accumulation and transmission results. 116
We quantified copy numbers of DWV RNA in the collected mites and pupae by using RT-117 qPCR assays which included reverse transcription using random primers and detected mainly 118 positive-strand genomic RNA. The levels of DWV in pupae injected with DWV were significantly 119 higher than in the PBS-injected pupae ( Fig. 3c, Fig. 4c ). In particular, we confirmed development 120 of high-level DWV infection in the DWV-injected groups, with 19 out of 20 bees in P0-DWV1, and 121 11 out of 12 bees in P0-DWV2 containing more than 10 9 DWV genomes copies. PBS-injected bees 122 had mainly low levels of DWV with only 1 out of 20 bees in P0-PBS1, and 1 out of 12 bees P0-PBS2 123 having more than 10 9 DWV genome copies. The level of 10 9 DWV genome copies was used as the 124 accepted threshold infection level between asymptomatic and symptomatic DWV infections (i.e. 125 "covert" and "overt") as reported in several studies 19, 25, 26 . Therefore, we obtained groups of 7 honey bee pupae with significantly different DWV levels to investigate DWV acquisition and 127 transmission by the mites. 128
Quantification of DWV in the mites showed no significant difference in virus copy 129 numbers between the phoretic mites (V-Pho1) and in the mites reared for two days in the PBS-130 injected pupae in Experiment 1 (V0-PBS1), while two days feeding on pupae injected with DWV 131 (V0-DWV1) resulted in a statistically significant 357-fold increase ( Fig. 3a , df = 31, F value = 46.63, 132 P < 0.0001, large effect size, Cohen's d =2.40). Importantly, in both Experiments 1 and 2, 133 significantly higher DWV levels were observed in the mites fed on the DWV-injected pupae with 134 high DWV levels, (V0-DWV1 and V0-DWV2) compared to their respective control mites fed on 135 PBS-injected pupae with significantly lower DWV levels (V0-PBS1 and V0-PBS2), a 625 fold 136 increase in Experiment 1 (Fig. 3a , df = 39, F value = 51.55, P < 0.0001; large effect size, Cohen's d 137 = 2.27), and a 51-fold increase in Experiment 2 ( Fig. 4a ; df = 23, F value = 12.66, P = 0.001760, 138 large effect size, Cohen's d =1.45). 139 Surprisingly, high DWV loads in the mites (V0-DWV1 and V0-DWV2) fed for 2-days on 140 pupae with high DWV levels (P0-DWV1 and P0-DWV2), were not maintained for the duration of 141 the experiment. In both experiments the levels of DWV in these mites decreased significantly 142 after four 2-day passages on un-injected pupae with low DWV levels, with a 29-fold decrease in 143 Experiment 1 (V0-DWV1 and V4-DWV1; Fig, 3a , df = 40, F value = 32.19, P < 0.0001; large effect 144 size, Cohen's d = 1.77), and a 18-fold decrease in Experiment 2 (V0-DWV2 and V4-DWV2; Fig. 4a ; 145 df = 21, F value = 28.65, P < 0.0001; large effect size, Cohen's d =2.28). After the passages, the 146 levels of DWV in the mites initially exposed to the high DWV-level pupae (V4-DWV1 and V4-147 8 DWV2) were not significantly different from those in mites initially reared on control PBS-injected 148 pupae (V4-PBS1 and V4-PBS2; Fig. 3a, Fig. 4a ; P>0.05). 149
150

DWV loads in Varroa mites strongly influence virus transmission to the honey bees 151
To investigate how Varroa mites' ability to transmit DWV was influenced by their DWV 152 loads, we designed Experiment 2 ( Fig. 2) . Here, DWV levels were quantified in pupae incubated 153 for additional 3 days after mite removal to allow development of the DWV infection. We tested 154
Varroa-mediated transmission in the Pupae 1 and Pupae 4 groups, which were exposed to the 155 mites fed on the Pupae 0 group injected with PBS (P1-PBS-Ext2 and P4-PBS-Ext2) or with DWV 156 (P1-DWV-Ext2 and P4-DWV-Ext2) ( Fig. 2) . We observed significantly higher DWV copy numbers in 157 pupae exposed to mites that had directly fed on high DWV-level pupae (P1-DWV-Ext2) compared 158 to pupae exposed to mites subjected to four 2-day passages (33-fold difference) after initial 159 rearing on the DWV-infected bees (P4-DWV-Ext2) ( Fig. 4c , df = 21, F value = 14.94, P = 0.000964; 160 large effect size, Cohen's d =1.79). Importantly, there were no significant differences between 161 DWV levels in pupae from group P4-DWV-Ext2, and in the control groups P1-PBS-Ext2 and P4-PBS-162 Ext2 (Fig. 4c) . A significantly higher proportion of honey bees in the group P1-DWV-Ext2 pupae 163 developed a high-level DWV infection above 10 9 DWV genome copies per bee (7 out of 12), 164 compared to pupal group P4-DWV-Ext2 subjected to passaged mites where only 1 pupa out of 10 165 just met the minimum threshold ( Fig. 4c ; contingency table analysis, Fisher exact probability test, 166 P=0.0263). Notably, high DWV levels were not observed in pupae exposed to control mites 167 originally fed on PBS injected pupae (P1-PBS-Ext2 and P4-PBS-Ext2; Fig. 4c ).
9
The use of a clone-derived DWV isolate with known sequence helped trace the source of 169 DWV transmitted by the Varroa mites. Sequencing 1.2 kb-long RT-PCR fragments of the DWV 170 genome covering the most divergent leader protein-coding region, amplified from the pooled P0-171 DWV2 and P1-DWV2 pupae, showed that DWV in the both pupal groups was identical to the 172 DWV-304 used for the inoculation of the Pupae 0 (Supplementary Data Fig. S1 ). Sanger 173 sequencing runs showed no polymorphism in both P0-DWV2 and P1-DWV2 (Supplementary Data 174 Quantification of negative-strand DWV RNA was carried out in honey bee and mite 182 samples pooled according to their treatment (in this analysis we excluded a single mite exposed 183 to pupae with high DWV levels from the pool V0-PBS1, Fig. 3a ) using a tagged primer approach. 184 Two independent assays targeting different regions in the DWV genome and using different 185 primer tags were used (Supplementary Data Table S1). Accuracy of these tests was confirmed by 186 detection of negative-strand DWV RNA in the honey bee pupae pools containing individuals with 187 more than 10 9 DWV genome copies ( Fig. 4d ). In both assays, which included melting curve 188 analysis to confirm the identities of amplified fragments, the negative-strand DWV RNA was 10 detected exclusively in the mites directly fed on the pupae with high DWV levels for 2 days. This 190 included V0-DWV1 mites from Experiment 1 (Fig. 3b ) and V0-PBS2 and V0-DWV2 mites from 191 Experiment 2 ( Fig. 4b) . Table 4 ). We found that in the Varroa RNA-seq 207 libraries the numbers of honey bee beta-actin mRNA were as high as 3.01% ± 0.94% (average ± 208 SD) of those of Varroa beta-actin mRNA (Supplementary Data Table 3 ). There was variation in 209 the proportions of honey bee transcripts present in the mites reared on different honey bee life 210 11 stages (pupae or adult bees), which might reflect differences in relative expression of these 211 genes in the source honey bee pupae. We also observed higher (about 8-fold) relative levels of 212 total honey bee mRNA transcripts in Varroa mites after 15 hours of feeding on the honey bee 213 pupae or adults compared to the mites which were starved for 12 hours (Supplementary Data 214 Table 3 ). These observed dynamics of honey bee mRNA levels in mites could be explained by a 215 gradual reduction of the ingested honey bee cells. Single-stranded mRNA transcripts are unlikely 216 to be present in hemolymph plasma, therefore their presence likely indicates ingestion of the 217 honey bee cells in addition to intake of "filtered" hemolymph plasma. Indeed, by using RT-qPCR 218 we demonstrated that following freeze-thaw disruption of hemolymph cells the level of beta- We demonstrated that DWV loads in mites are highly dynamic and rapidly increase or 239 decrease depending on the levels of DWV in the honey bees on which they are feeding on. For 240 example, we used phoretic mites to show that DWV loads increased over 50-fold following 2 day 241 of feeding on pupae pre-infected with DWV, while DWV levels remained unchanged in mites fed 242 on the low-DWV PBS-injected pupae ( Fig. 3a, Fig. 4a ). The phoretic mites used in this experiment 243 (V-Pho1), had relatively low DWV levels ( Fig. 3a ) despite being collected from DWV-infected 244 colonies, which could be explained by loss of DWV loads following passage on the adult bees, 245 mostly nurses, which usually have low DWV levels. We observed a strong positive correlation 246 between levels of DWV in pupae and their associated Varroa mites (Pearson R 2 =0.58; Fig. 5 ), 247
suggesting that DWV loads in the mites could be explained by virus acquisition from the pupae 248 during feeding. This observation agrees with a previous study which also found a positive 249 correlation between DWV levels in honey bee pupae and their associated mites sourced directly 250 from capped cells from an intact colony 8 . Similar positive correlations between the DWV levels in 251 bees and associated mites observed during natural infestation, where mites were infecting the 13 pupae and were feeding for 5 to 8 days, and in experiments where pupae were pre-infected with 253 DWV and feeding continued only for two days (Figs. 1a and 2) suggest that most of the DWV 254 present in mites in the course of natural infestation is also acquired from the pupae. Importantly, 255 DWV loads in the mites reared on DWV-infected pupae were significantly reduced 32-and 18-256 fold in Experiment 1 and 2, respectively, following four 2-day passages on low DWV-level pupae 257 (Figs. 3a and 4a). Moreover, after the passages, no significant differences were observed 258 between the DWV loads in mites which previously acquired high DWV doses and those initially 259 exposed to the control PBS-injected pupae (Fig. 3a, Fig. 4a ). the strain that replicated to high levels in the pupae P0-DWV2 ( Supplementary Data Fig. S1 ). We 264 further showed that the ability of the mites to vector DWV decreases following passages on low 265 DWV pupae. Significantly lower levels of DWV were observed in the P4-DWV-Ext2 pupae fed on 266 by the passaged V4-DWV2 mites compared to P1-DWV-Ext2 pupae fed on by mites transferred 267 immediately from highly infected pupae ( Fig. 4c ). 268
Detection of negative-strand RNA of picorna-like viruses, including DWV, is a good 269 indicator of a virus replication. It is considered the strongest evidence in support of replication of 270 DWV in Varroa mites 18, 19 . Therefore, we sought to detect negative-strand DWV RNA in the mites 271 from this study. By using two independent RT-qPCR assays for negative-strand DWV RNA 272 quantification, we showed its accumulation exclusively in mites sampled immediately following 14 exposure to pupae with high DWV levels ( Fig. 3b, and Fig. 4b ). Notably, negative-strand DWV 274 RNA was not detectable in the in the phoretic V-Pho1 mites before exposure to the DWV-level 275 pupae or in the P4-DWV1 and P4-DWV2 mites with decreased overall DWV loads following 276 passage of low DWV-level pupae (Fig, 3b and Fig. 4b ) . We hypothesized that such rapid 277 emergence and disappearance of negative-strand DWV RNA in the mites is explained not by 278 replication of DWV in Varroa cells, but by acquisition of honey bee cells with containing DWV 279 replication complexes with negative-strand viral RNA 27 . Indeed, acquisition of cells is consistent 280 with detection of honey bee genomic DNA in Varroa samples during genome sequencing 30 and 281 has been recently observed during extensive feeding analyses 31 . 282
To estimate the extent of honey bee cell acquisition by a mite during feeding, we 283 measured honey bee mRNA levels in the mites. Detection of honey bee mRNA transcripts is an 284 indicator of intact cells acquisition by mites because we demonstrated using RT-qPCR that levels 285 of mRNA in the honey bee hemolymph decline by about 1000 times in 2 hours following cell 286 disruption (Supplementary Data Fig. S3 ). Therefore, the presence of honey bee mRNA revealed 287 by RT-qPCR in the mites of our experiments (Supplementary Data Table S2 ) and by analyzing 288 Tables S3 and S4) Results of this study clearly suggest that DWV, or at least the most common DWV type A, 335 is transmitted between honey bees by the Varroa mite in a non-propagative manner. Significant 336 declines in the mites' ability to transmit DWV suggest non-persistent transmission mechanism.
RNA-seq libraries (Supplementary Data
While this does not diminish the role played by mites in DWV infection of honey bees, it does 338
clarify the selective forces acting on DWV. Namely, this virus has evolved to exploit the honey 339 bee, not adapted to replication in mite cells, and has a more intimate relationship with honey 340 bee immune defenses than those of the mite. These insights are critical in reducing the impacts 341 of the tripartite relationship among honey bees, mites, and DWV. 342 343 Methods 344
Honey bees and Varroa mites. 345
Honey bee pupae were obtained from the Beltsville USDA Bee Research Laboratory (BRL) apiary 346 from strong colonies "132"and "Nuc-L" (two boxes with more than 10 frames of brood and 347 previously 17, 38 . The sugar roll method was used to collect Varroa mites; this included shaking 359 powdered sugar-dusted adult bees over a tray with water, collecting the released mites from the 360 water with a strainer, drying them on tissue paper, then placing the mites on honey bee pupae 361 within 2 to 3 hours after collection 25 . 362
The experiments were organized with a completely randomized design using two 363 treatments. Pupae were either injected as previously described 16 Table S1 ). RT-qPCR was carried out 399 essentially as previously described 28,39 , DWV RNA copy numbers were log-transformed prior to 20 statistical analyses. Negative-strand DWV RNA quantification was carried using two sets of 401 primers designed for targeting different regions in the DWV genome, Assay 1 (region 4909-5008 402 nt) 16 
